ONLINE MEDICAL GENETICS IN PRACTICE
Bayesian risk assessment for autosomal recessive diseases: fetal echogenic bowel with one or no detectable CFTR mutation R isk assessment is an essential component of genetic counselling and testing, and Bayesian analysis plays a central role in complex risk calculations. [1] [2] [3] Prenatal risk assessment for autosomal recessive diseases can be particularly complex when, for example, only one mutation is detectable in the fetus, and when mutation detection rates and disease allele frequencies vary among different ethnic groups. A classic example is the risk assessment for a fetus with echogenic bowel and only one detectable mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. The fetus could be affected or be a carrier on the basis of the presence of one detectable mutation. Accurate risk assessment in this scenario may be critical for parental decision making.
Cystic fibrosis is the most common severe autosomal recessive disorder; it affects about one in 2500 live births and has a carrier frequency of about one in 25 among European Caucasians. 4 Cystic fibrosis is caused by homozygous mutations in the CFTR gene (OMIM 602421; 219700 cystic fibrosis; CFTR mutation database (http://www.genet.sickkids.on.ca/ cftr/)). More than 1000 different CFTR mutations have been reported, and the mutation frequencies vary in different ethnic groups. The ultrasound finding of echogenic bowel, which is present in 0.1-0.2% of all pregnancies, may result from fetal meconium ileus and can result from cystic fibrosis. 5 6 The American College of Medical Genetics (ACMG) uses a panel of 25 CFTR mutations and advocates carrier screening for people with a family history of cystic fibrosis and their partners, as well as for all couples in the general population in whom the woman is pregnant or considering pregnancy. 7 The clinical scenarios addressed in this paper are likely to be encountered with a high frequency. Despite the importance of accurate risk assessments in these scenarios, generalisable approaches to such risk assessments are lacking.
To facilitate accurate risk assessments, we developed novel, generalisable Bayesian methods to calculate the fetal risk of autosomal recessive disease when two independent risk factors are present and only one or no disease causing mutation is detected. Our approach is applicable to a wide variety of scenarios, including that of a fetus with echogenic bowel and one or no detectable CFTR mutation. We illustrate our approaches by using cystic fibrosis as a paradigm, but our methods can be applied to any autosomal recessive disorder, prenatally or postnatally, when only one or no mutation is identified with or without another risk factor.
METHODS AND RESULTS
Frequencies of echogenic bowel among fetuses who are affected by cystic fibrosis or carriers or noncarriers of cystic fibrosis The frequencies of echogenic bowel among fetuses with and without cystic fibrosis were estimated as 14/126 (about 0.11) and 128/346 428 (about 0.00037), respectively, by using data from a single large study. 8 Of fetuses with echogenic bowel, only 11 had one detectable CFTR mutation after testing by an extended mutation detection panel that detects more than 99% of mutations in Brittany. 8 If a frequency of cystic fibrosis carriers of one in 28 was assumed in Brittany, 8 the frequencies of echogenic bowel among fetus carriers of cystic fibrosis and non-carriers would be calculated as 11/12 377 (about 0.00089) and 117/334 051 (about 0.00035), respectively. A statistically significant difference is seen between the frequencies of echogenic bowel among fetus carriers of cystic fibrosis and non-carriers (p,0.005 by x 2 test). These frequencies can be used as conditional probabilities in the subsequent Bayesian analyses (see below). A number of
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N Risk assessment is an essential component of genetic counselling and testing, and Bayesian analysis plays a central role in complex risk calculations. Prenatal risk assessment for autosomal recessive diseases can be particularly complex when, for example, only one or no mutation is detectable in the fetus and when mutation detection rates and disease allele frequencies vary among different ethnic groups. A classic example is the risk assessment for a fetus with echogenic bowel and one detectable CFTR mutation.
N Novel, generalisable Bayesian methods were developed to calculate the autosomal recessive disease risk of a fetus when one or no mutation is detected and another independent risk factor is present. The methods can incorporate information such as genetic test results on either or both parents, each parent's ethnicity, and mutation detection rates for particular ethnicities. From the literature, the frequencies of echogenic bowel in a fetus affected with cystic fibrosis, an unaffected carrier, and an unaffected non-carrier for use in risk calculations were estimated as 0.11, 0.00089, and 0.00035, respectively. For example, if a fetus with echogenic bowel has only one detectable CFTR mutation that is also present in their mother but no mutation is detected in a non-Hispanic Caucasian father who does not have a family history of cystic fibrosis, the posterior probability that the fetus is affected with cystic fibrosis is about 0.20.
N The Bayesian method is versatile and generalisable, and it allows the probability of autosomal recessive disease to be calculated accurately, taking into account all relevant information. studies have estimated the frequency of cystic fibrosis among fetuses with echogenic bowel. [9] [10] [11] [12] [13] [14] [15] The sizes of background populations were not determined, however, so to estimate accurately the frequency of echogenic bowel among fetus carriers of cystic fibrosis and non-carriers from these studies is impossible. One study estimated the frequency of echogenic bowel in the general population as 0.0023; however, the frequency of echogenic bowel among fetuses with cystic fibrosis was not determined. 6 Another study determined the frequency of echogenic bowel among all fetuses with cystic fibrosis as about 0.55; however, echogenic bowel among fetuses without cystic fibrosis was not determined. 16 The criteria for echogenic bowel are somewhat subjective and vary among centres, and it is important that the same criteria for echogenic bowel are used for fetuses with cystic fibrosis and fetus carriers and non-carriers, so we used data from the single large study by Scotet et al. for our calculations. 8 Generalised Bayesian analyses for genetic risk calculations Table 1 summarises various situations encountered in clinical settings. The symbols used in this article are defined in table 2. Genetic risk assessments with tables 4-12 are discussed in detail below. The frequency of mutant alleles detectable by genetic testing among all mutant (disease) alleles is referred to as the ''mutation detection rate'' or ''detection rate.'' We designated the probability that the fetus is positive for one risk factor (in this case, echogenic bowel) if the fetus is affected by cystic fibrosis, a carrier, or a noncarrier, as a, b, or b', respectively. We designated the detection rate of genetic testing performed on the fetus for the ethnic backgrounds of parent A and parent B as c and d, respectively. For example, for a non-Hispanic Caucasian person, the sensitivity of genetic testing for the ACMG CFTR 25 mutation panel is 0.9. We designate the frequency of the mutation detected in the fetus among all disease alleles in the ethnic backgrounds of parent A and parent B as e and f, respectively. For example, the frequency of DF508 among all CFTR disease alleles in non-Hispanic Caucasian people is 0.7. Table 3 summarises carrier frequencies of cystic fibrosis, overall mutation detection rates by the ACMG CFTR 25 mutation panel, and frequencies of major mutations for each major ethnic group for use in risk calculations. Tables 4-12 show our generalised Bayesian methods for calculating the risk of autosomal recessive disease in a variety of typical scenarios. Excel spreadsheets to facilitate risk calculations with these tables are available on request. The posterior probability for any particular column in our Bayesian analysis tables is the joint probability of that column divided by the sum of all joint probabilities in the table. To save space, we do not show posterior probabilities. In all examples, we assume that the de novo mutation rate and the risk of mosaicism are negligible. If risk factor number 1 (echogenic bowel in these examples) is not present, a, b, and b' can be replaced with 1 for risk calculations. We assume that the two different risk factors (''echogenic bowel'' and ''one detectable CFTR mutation'') are independent; that is, one risk factor does not alter the probability of the other risk factor. If this were not the case, additional information would be needed for accurate risk assessment: for example, the conditional probability that the fetus has only one detectable mutation given echogenic bowel and affected status (or, alternatively, carrier status or non-carrier status). Sufficient data are lacking currently, however, to calculate such probabilities accurately. Carrier and disease risks negligible *Genetic testing is assumed to be able to detect the same set of mutations in the fetus or parents, or both, and rates of de novo mutations and the risk of mosaicism are assumed to be negligible. Frequency of the mutation detected in the fetus among all disease alleles in the ethnic background population of parent A f Frequency of the mutation detected in the fetus among all disease alleles in the ethnic background population of parent B x Prior carrier probability for parent A y Prior carrier probability for parent B Da Disease allele derived from parent A Db Disease allele derived from parent B N Normal allele Scenarios 1-4 illustrate the situation of one detectable mutation in a fetus with echogenic bowel. Scenarios 5-9 illustrate the situation of no detectable mutation in a fetus with echogenic bowel.
Scenario 1: fetus with one detectable mutation, neither parent tested
In scenario 1, neither parent is tested. Even though the ACMG appropriately advocates carrier screening of parents before prenatal testing, this scenario is, unfortunately, not uncommon-in part, because echogenic bowel usually occurs late in pregnancies, when setting up carrier testing before prenatal testing can be problematic. In scenario 1, the issue of non-paternity or non-maternity can be ignored. In addition, as a formal introduction to our methods, it makes the most sense to start with examples in which less genetic information is available and then describe how the accuracy of risk assessments increases as more information is obtained. Table 4 shows an example where, in addition to echogenic bowel, another risk factor is present; that is, one mutation is detected by genetic testing of the fetus. If the fetus is affected, the probability that Da (the disease allele derived from parent A; see table 2) is identified as a particular mutation is e and the probability that Db is undetectable is 1-d. The joint probability for column A thus is calculated as 0.25axye(1-d). The joint probabilities of the other columns in table 4 are calculated similarly. The posterior probability that the fetus is affected is the sum of the joint probabilities of columns A and B divided by the sum of all joint probabilities. The generalised approach shown in table 4 allows calculation of the risk of cystic fibrosis for a fetus of mixed descent (northern European or other ethnic backgrounds, or both) or the risk of other autosomal recessive diseases for which frequency distributions of disease alleles, mutation detection rates, and the frequency of other risk factors are known. If a relative of parent A or parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested.
An example of the use of table 4 is if a fetus has echogenic bowel and only one detectable mutation (DF508), neither parent has a family history of cystic fibrosis, and neither parent has been tested. If x = 0.04, y = 0.04, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.97, d = 0.9, e = 0.3, and f = 0.7 (for example, when the mother (parent A) is Ashkenazi Jewish and the father (parent B) is nonHispanic Caucasian, see table 3), the posterior probability that the fetus is affected is about 0.11. If the prior disease risk for the fetus is higher, because of a higher carrier risk for either parent, then the posterior probability that the fetus is affected is higher. For example, if x = 0.04, y = 0.5, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.97, d = 0.9, e = 0.3, and f = 0.7 (for example, when the mother (parent A) is Ashkenazi Jewish and the father (parent B) is non-Hispanic Caucasian, see table 3), then the posterior probability that the fetus is affected is about 0.15.
Scenario 2: fetus with one detectable mutation, one parent tests negative, other parent not tested Table 5 shows the Bayesian analysis for scenario 2, in which parent A tests negative and parent B has not been tested. As no mutation is found in parent A, the conditional probability that Da is detected or undetected is 0 or 1, respectively. The posterior probability that the fetus is affected is the joint probability of column A divided by the sum of all joint probabilities. Note that the posterior carrier probabilities of parent A and parent B also are calculated simultaneously in table 5. For example, the posterior carrier probability of parent B is the sum of the joint probabilities in columns A, B, C, D, G, and H divided by the sum of all of the joint probabilities. If a relative of parent A or parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested. 18 19 Bayesian Scenario 3: fetus with one detectable mutation present in one parent, the other parent not tested Table 6 shows an example in which the fetus has been found to have one detectable mutation and parent A has the same mutation, but no genetic testing has been performed on parent B. In this case, the carrier probability of parent B is designated y. As parent A is a carrier, only four possible scenarios exist: carrier parent B and affected fetus, carrier parent B and carrier fetus with a mutation derived from parent A, carrier parent B and carrier fetus with a mutation from parent B, and non-carrier parent B and carrier fetus. If the fetus is affected, Db must be undetectable, as Da is the one mutation that is detected. If the fetus is affected, the conditional probability that Db is undetectable is 1-d. If the fetus is a carrier with a disease allele from parent B (Db), then the mutation in the fetus is the same as the mutation in parent A only by chance. The probability that a mutation inherited by the fetus from parent B is the same as the mutation carried by parent A is simply the frequency of that mutation among all disease alleles in the ethnic background population of parent B, or f. The posterior probability that the fetus is affected is the joint probability in column A divided by the sum of all joint probabilities. If a relative of parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested.
An example of the use of table 6 is if a fetus has echogenic bowel and one detectable mutation (DF508), parent A has the same mutation present in the fetus, parent B has no family history of cystic fibrosis, and parent B has not been tested. If y = 0.04, a = 0.11, b = 0.00089, d = 0.9, and f = 0.7 (for example, when the father (parent B) is non-Hispanic Caucasian), the posterior probability that the fetus is affected is about 0.20.
Scenario 4: fetus with one detectable mutation present in one parent, the other parent tests negative Table 7 shows an example in which parent A has the same mutation that is detected in the fetus and parent B has no identifiable mutation by genetic testing. Although the situation seems similar to that in table 6, differences exist. If the fetus is affected, we now know that the mutation from parent B is undetectable, with a probability of 1 (column A). If the fetus is a carrier with a disease allele Db, the probability that Db is detectable is 0 (column C). The probability that the fetus is affected is the joint probability in column A divided by the sum of all joint probabilities. Note that the posterior probability that the fetus is affected in table 7 is very similar to that in table 6. This is because the joint probabilities of columns B and C are very small compared with those of columns A and D, which are essentially the same in tables 6 and 7. If a relative of parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested.
An example of the use of table 7 is if a fetus has the same mutation detected in the mother (parent A), the mutation detected is DF508, the father (parent B) has no family history of cystic fibrosis, and the father tests negative. If y = 0.04, a = 0.11, b = 0.00089, d = 0.9, and f = 0.7 (for example, when the father (parent B) is non-Hispanic Caucasian), the posterior disease risk of the fetus is about 0.20.
Scenario 5: fetus with no detectable mutation, neither parent tested
Scenario 5 (table 8) shows an example in which the fetus does not have any identifiable mutation and neither parent has been tested. If the fetus is affected, the probability that both paternal and maternal mutations are undetectable is (1-c)(1-d) . The posterior probability that the fetus is affected is the joint probability in column A divided by the sum of all joint probabilities. If a relative of parent A or parent B is affected or an obligate carrier, this table can still be applied An example of the use of table 8 is if a fetus has echogenic bowel but does not have any detectable mutation, neither parent has been tested, and neither parent has a family history of cystic fibrosis. If x = 0.04, y = 0.04, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.97, d = 0.9, e = 0.3, and f = 0.7 (for example, when the mother (parent A) is Ashkenazi Jewish and the father (parent B) is nonHispanic Caucasian), the posterior probability that the fetus is affected or a carrier is 0.00039 or 0.0067, respectively. If the prior disease risk for the fetus is higher because of a higher carrier risk for either parent, then the posterior probability that the fetus is affected is higher. For example, if x = 0.04, y = 0.5, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.97, d = 0.9, e = 0.3, and f = 0.7 (for example, when the mother (parent A) is Ashkenazi Jewish and the father (parent B is non-Hispanic Caucasian), then the posterior probability that the fetus is affected or a carrier is about 0.0059 or 0.079, respectively. Scenario 6: fetus and one parent with no detectable mutation, and the other parent not tested Table 9 shows an example in which the fetus does not have any identifiable mutation, no mutation is detected in parent A, and parent B has not been tested. If the fetus is affected, the probability that both paternal and maternal mutations are undetectable is (1-d), because parent A's mutation, if present, would not be detected. The posterior probability that the fetus is affected is the joint probability in column A divided by the sum of all joint probabilities. If a relative of parent A or parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested. 
*The fetus has been found to have one detectable mutation (heterozygous). One of the parents (Parent A) has been tested and no mutation is detected. The other parent (Parent B) has not been tested. An example of the use of table 9 is if a fetus has echogenic bowel but does not have any detectable mutation, one parent (parent A) tested negative, the other parent (parent B) has not been tested, and neither parent has a family history of cystic fibrosis. If x = 0.04, y = 0.04, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.97, d = 0.9, e = 0.3, and f = 0.7 (for example, when the mother (parent A) is Ashkenazi Jewish and the father (parent B) is non-Hispanic Caucasian), the posterior probability that the fetus is affected or a carrier is 0.00040 or 0.0068, respectively. Scenario 7: fetus and both parents with no detectable mutation Table 10 shows an example where the fetus does not have any identifiable mutation and no mutation is detected in parent A or parent B. If the fetus is affected, the probability that both paternal and maternal mutations are undetectable is 1, because both of the parents' mutations, if present, would be undetectable. The posterior probability that the fetus is affected is the joint probability in column A divided by the sum of all joint probabilities. If a relative of parent A or parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested.
An example of the use of table 10 is if a fetus has echogenic bowel but does not have any detectable mutation, both parents test negative, and neither parent has a family history of cystic fibrosis. If x = 1/65, y = 1/46, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.69, and d = 0.57 (for example, when the mother (parent A) is African-American and the father (parent B) is a Hispanic), the posterior probability that the fetus is affected or a carrier is 0.0035 or 0.018, respectively. Scenario 8: fetus with no detectable mutation, one parent with a detectable mutation, other parent not tested Table 11 shows an example in which parent A has a detectable mutation, no mutation is detected in the fetus, and parent B has not been tested. In this scenario, the risk of the fetus being affected is negligible; that is, the posterior probability of column A is essentially 0. If a relative of parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested. 
*Fetus has one detectable mutation (heterozygous). One of the parents (parent A) has the mutation detected in the fetus, but the other parent (parent B) tests negative. Note differences from table 6. 
*No detectable mutation found in fetus. Neither parent tested. ) is African-American), the posterior probability that the fetus is affected or a carrier is 0 or 0.0061, respectively.
Scenario 9: fetus and one parent with no detectable mutation, and the other parent with a mutation identified Table 12 shows an example in which parent A has a detectable mutation but no mutation is detected in the fetus or parent B. In this scenario, the risk of the fetus being affected is negligible; that is, the posterior probability of column A is essentially 0. If a relative of parent B is affected or an obligate carrier, this table can still be applied when neither that relative nor any other family member has been tested.
An example of the use of table 12 is if a fetus has echogenic bowel but does not have any detectable mutation, one parent (parent B) does not have a family history of cystic fibrosis, tested negative, and the other parent (parent A) has a detectable mutation. If y = 1/46, a = 0.11, b = 0.00089, b' = 0.00035, c = 0.9, and d = 0.57 (for example, when the mother (parent A) is non-Hispanic Caucasian, and the father (parent B) is Hispanic), the posterior probability that the fetus is affected or a carrier is 0 or 0.012, respectively.
DISCUSSION
Bayesian analysis plays an essential role in calculations of carrier or disease risks for autosomal recessive disorders. [1] [2] [3] Generalised methods to calculate disease risks when only one 
*No detectable mutation has been found either in the fetus, or in one of the parents (parent A). The other parent (parent B) has not been tested. Note the differences from Table 8 . 
*No detectable mutation has been found in fetus or either parent. Note the differences from Table 8 and Table 9 .
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www.jmedgenet.com on 16 April 2008 jmg.bmj.com Downloaded from or no mutation is detected in an autosomal recessive disease for which multiple mutations have been identified in the disease gene are lacking. We have described generalisable Bayesian methods to calculate risks for any autosomal recessive disease. Excel spreadsheets to facilitate the risk calculations are available upon request. Our comprehensive set of Bayesian analysis methods allows calculations of the risks of cystic fibrosis for fetuses of parents with different ethnic backgrounds in a variety of clinical settings; that is, disease risks can be calculated even when the mutation detection rate and the frequency of particular disease alleles vary among different ethnic populations. Our methods are particularly useful for cystic fibrosis, but they are generalisable to other autosomal recessive diseases. Our methods also can be applied to postnatal scenarios, as long as the conditional probabilities of a particular risk factor are known.
Although echogenic bowel usually is detected rather late in pregnancy, proper counselling and testing should include both parents. We have shown how the accuracy of risk assessments increases as more information becomes available (see tables 1 and 4-12): risk assessment is most accurate when both parents, in addition to the fetus, are tested. Genetic counselling for couples with a fetus with echogenic bowel is beyond the capability of the average obstetrician; all such couples should be referred to a medical geneticist or genetic counsellor, or both.
Hodge et al. described risk calculations for a fetus with echogenic bowel and one characterised CFTR mutation, DF508. 17 The authors carefully and thoroughly evaluated relevant information and provided useful illustrations to explain the relevant Bayesian analyses. Their methods did not take into account, however, the variable frequency of DF508 alleles among all CFTR disease alleles in parents of various ethnicities, which is relevant to the example in table 1 of their report. This table would be useful for a situation in which the fetus tests positive, but the identity of the mutation is unknown. As the fetus in the actual example was known to have DF508, however, the frequency of DF508 should be used, rather than the overall mutation detection rate, for one of the parents. The authors also assumed that the frequency of echogenic bowel and whether a fetus was a carrier or non-carrier were independent; however, this assumption later was shown by Scotet et al. to be invalid, 8 as our b and b' are different. Another important factor is the conditional probability of echogenic bowel if the fetus is affected, a carrier, or a non-carrier. Hodge et al., instead of using conditional probabilities in their risk calculations, used ''risk due to mutation analysis'' and ''risk due to ultrasound,'' 17 the latter of which is the prevalence of an affected fetus among all fetuses with echogenic bowel-that is, the positive predictive value of ultrasound in their setting. The positive predictive value (usually obtained by Bayesian analysis) is influenced by disease prevalence (that is, the prior probabilities) and therefore may be subject to ascertainment bias. Generalisation of positive predictive values therefore may be problematic.
Our calculations assume that the frequency of echogenic bowel is the same for cystic fibrosis with different CFTR mutations; that is, echogenic bowel and one identified CFTR mutation are independent risk factors. This may not always be true: cystic fibrosis with severe mutations, such as DF508, may be associated with an increased probability of echogenic bowel. Hodge et al., however, suggested that only a slight increase was seen in the risk of disease in the fetus if echogenic bowel and one identified CFTR mutation were not assumed to be conditionally independent relative to the assumption of conditional independence. 17 
Conclusion
Our Bayesian methods are versatile and generalisable, and they allow the probability of autosomal recessive disease to be calculated accurately, taking into account all relevant information, including genetic test results on either or both the parents, the ethnic background of each parent, the overall mutation detection rate for each parent's ethnicity, and the frequency of a mutation, if detected, among all disease alleles for a particular ethnicity.
